The phycotoxin, okadaic acid (OA) and dinophysistoxin 1 and 2 (DTX-1 and -2) are protein phosphatase PP2A and PP1 inhibitors involved in diarrhetic shellfish poisoning (DSP). Data on the toxicity of the OA-group toxins show some differences with respect to the in vivo acute toxicity between the toxin members. In order to investigate whether OA and congeners DTX-1 and -2 may induce different mechanisms of action during acute toxicity on the human intestine, we compared their toxicological effects in two in vitro intestinal cell models: the colorectal adenocarcinoma cell line, Caco-2, and the intestinal muco-secreting cell line, HT29-MTX. Using a high content analysis approach, we evaluated various cytotoxicity parameters, including apoptosis (caspase-3 activation), DNA damage (phosphorylation of histone H2AX), inflammation (translocation of NF-κB) and cell proliferation (Ki-67 production). Investigation of the kinetics of the cellular responses demonstrated that the three toxins induced a pro-inflammatory response followed by cell cycle disruption in both cell lines, leading to apoptosis. Our results demonstrate that the three toxins induce similar effects, as no major differences in the cytotoxic responses could be detected. However DTX-1 induced cytotoxic effects at five-fold lower concentrations than for OA and DTX-2.
Introduction
Okadaic acid (OA) is a toxin involved in diarrhetic shellfish poisoning (DSP) syndrome, causing gastro-intestinal symptoms following ingestion of contaminated shellfish [1, 2] . OA and its analogues, the dinophysistoxins (DTXs), are polyether toxins synthesized by dinoflagellates, such as Dinophysis and Prorocentrum [3] . OA is the major DSP toxin found in Europe, while the methylated derivative, dinophysistoxin-1 (DTX-1), has been mainly found in Japan [4] . Some European countries (Ireland, Italy, Spain and Portugal) have also detected DTX-1 and the isomeric analogue DTX-2 in shellfish [5, 6] . DTX-3 is the 7-O-acyl fatty acid ester analogue of OA, DTX-1 and DTX-2 formed by shellfish metabolism [7] . After consumption, DTX-3 is hydrolyzed in the human stomach, releasing the parent toxin [8] .
The acute in vivo toxicity of these toxins has been primarily investigated by intraperitoneal injection in mice, and similar lethal dose 50 (LD 50 ) values are observed for DTX-1 and OA, while DTX-2 is about 0.6-times as potent [9] . The European Food Safety Authority (EFSA) has determined toxicity equivalent factors (TEFs) of one for the reference toxin, OA, and DTX-1 and 0.6 for DTX-2 [10] .
OA and its analogues inhibit serine/threonine protein phosphatases 1 (PP1) and 2A (PP2A) [11, 12] , which are essential in the regulation of intracellular processes in mammalian cells [13] . However, the structural differences between OA and its analogues with respect to the number and position of methyl groups have been shown to modulate the affinity of the toxin for the catalytic site of PP2A [14, 15] . Nevertheless, it has been suggested that the difference in PP2A affinity cannot fully explain the difference in toxicity between the congeners of the OA family [16] .
Several key mechanisms of toxicity have already been reported for OA, including disruption of the cell cycle [17] , induction of cell proliferation [18, 19] , DNA damage [20, 21] , apoptosis [11] , as well as an inflammatory response [22] . However, only limited studies have seriously investigated the toxic responses of the DTX-1 and DTX-2 analogues. Recently, Rubiolo et al. have shown that OA and DTX-2 induce similar effects in human primary hepatocytes, albeit with different potencies [23] . Fernandez et al. have demonstrated a lack of cytotoxicity of OA and analogues in differentiated Caco-2 cells [24] , whereas proliferating Caco-2 cells are considerably more sensitive to the effects of OA, as shown by Del Campo and Serandour [25, 26] . However, available data comparing the toxicity of the three congeners in in vitro studies is lacking.
In order to compare the toxic effects of the OA analogues, we chose to investigate the acute in vitro toxicity of OA, DTX-1 and DTX-2 in the human intestinal cell lines, Caco-2 and HT29-MTX, since the intestine is the major target of OA and its analogues. Caco-2 cells are widely used as an enterocyte model system in in vitro toxicology [27, 28] , whereas HT29-MTX cells have muco-secretant characteristics [27] . Both cell lines were used in a proliferative state, mimicking intestinal epithelial cell turnover and to study the effect of the toxins on cell proliferation.
Multiparametric fluorescence microscopy was chosen in the present study to measure cytotoxic parameters in individual cells through image analysis using a high content analysis (HCA) approach [29, 30] . This novel technology has been successfully applied in the assessment of toxicity of numerous compounds, including pharmaceuticals and environmental contaminants. As several endpoints are measured at the same time, it is a powerful tool to investigate the pathways involved in toxicity. Our study is the first dedicated to the investigation of the toxicity of marine toxins using this innovative approach. In the current study, four suitable endpoints were selected: Ki-67 as a marker of cell cycle disruption [31] , activation of caspase-3 as an apoptotic marker [32] , phosphorylation of histone H2AX as marker of DNA double-strand breaks [33] and, finally, the translocation of NF-κB as a marker of the cellular inflammatory response [34] .
Results and Discussion

Neutral Red Uptake Assay
The cytotoxicity of OA, DTX-1 and DTX-2 was evaluated in proliferating Caco-2 and HT29-MTX cells with the neutral red uptake (NRU) assay. After 24 h of treatment, a decrease in cell viability was observed for all toxins ( Figure 1B) Rubiolo et al. have previously demonstrated that DTX-2 is less cytotoxic than OA in rat hepatocytes, although the difference is relatively minute [23] . Recent studies have demonstrated a lack of cytotoxic effects in differentiated Caco-2 cells treated with up to 1 mM OA, DTX-1 and -2, suggesting that proliferative cells, such as intestinal stem cells, are more sensitive to phosphatase inhibitor compounds when compared to quiescent cells, such as differentiated enterocytes. Moreover, this difference in sensitivity between the proliferative and differentiated Caco-2 models demonstrates the importance of assessing cytotoxicity in both models in order to characterize specific cell-type toxicity, since the intestinal epithelium contains both proliferative and non-proliferative cells. Based on these results, three doses for each toxin were selected for HCA studies with undifferentiated Caco-2 and HT29-MTX cells: 50, 100 and 150 nM for OA and DTX-2 and 10, 20 and 30 nM for DTX-1.
Cell Cycle Disruption
Cells positive for the Ki-67 antigen are considered to be in an active phase of cell cycle [31] . This marker is commonly used to detect increases in cell proliferation and can be easily adapted to high content analysis. Figure 2 represents the cell cycle analysis and the percentage of Ki-67-positive cells in Caco-2 and HT29-MTX cells treated for 24 h with OA and DTX-1 and -2. Although a dose-dependent increase in Ki-67-positive cells was also observed in HT29-MTX cells, treatments induced fewer Ki-67-positive cells than in Caco-2 cells. The three toxins increased the percentage of Ki-67-positive cells in both intestinal cell models, indicative of a cell cycle disturbance. These results were confirmed by cell cycle analysis based on the quantification of DNA content through image analysis on the Arrayscan VTi. A dose-dependent modification of cell cycle phases in Caco-2 and HT29-MTX cells was observed. A dose-dependent decrease in G0/G1 and an increase in >G2M was observed for OA, DTX-1 and DTX-2. Nevertheless, Caco-2 cells were more affected by the DSP toxins than HT29-MTX cells. Although the induction of an aberrant cell cycle in mammalian cells by phosphatase inhibitors, including OA and DTX-2, has already been demonstrated [17, 25, 35] , the present study demonstrates for the first time the effects of DTX-1 on the cell cycle.
PP2A is involved in the regulation of the cell cycle and is particularly important for mitosis exit, leading to >G2M [14, 18, 36] . Interestingly, while the Caco-2 cell line is p53 deficient, HT29-MTX cells present an aberrant p53 function [37] . This difference in p53 status, thereby modulating cellular protection from the induction of an aberrant cell cycle [38] , could explain the lower induction of >G2M and Ki-67-positive cells in HT29-MTX cells when compared to Caco-2 cells. Therefore, the considerable cell cycle modification observed in Caco-2 cells could be due to PP2A inhibition in the absence of the protective effect of p53. Overall, the potency of each toxin in terms of the Ki67 response in Caco-2 cells closely corresponds with their ability to inhibit PP2A (DTX-1 > OA > DTX-2) [14] . However, HT29-MTX cells appear to be more sensitive to DTX-2 than OA in terms of the Ki-67 response, suggesting a pathway of toxicity other than PP2A inhibition. 
(C)
Recently, by comparing PP2A inhibition and in vivo and in vitro acute toxicities, Munday (2013) suggested that the inhibition of PP2A cannot fully explain the diarrhoeagenicity and intestinal effects observed with this group of toxins [16] . In addition to differences in the affinity for PP2A, differences in the intracellular bioavailability of the toxins could also explain the greater cytotoxicity of DTX-1. Indeed, it has been shown that an active transport efflux may be involved as an mechanism of excretion of OA and DTX-1 and -2 from intestinal cells [24, 39] . Furthermore, OA, DTX-1 and DTX-2 have been shown to form metabolites, in particular due to CYP450 activity [40] . It has been reported that CYP450-OA metabolites have affinity for PP2A [41] , and that bioactivation can enhance certain toxicological effects, including DNA damage. Therefore, low uptake in intestinal cell lines and differences in affinity of the three analogues for efflux transporters or metabolic enzymes could represent a possible explication for the differences in toxicity observed.
Inflammatory Response
The transcription factor, NF-κB, is involved in the pro-inflammatory immune response, as well as in the response to cellular stress [42] . NF-κB is located in the cytosol complexed with the inhibitory protein IκBα and, when activated through a PKAc-dependent mechanism, translocates to the nucleus, activating a variety of genes involved in the inflammatory response. The translocation of NF-κB from the cytoplasm to the nucleus was studied in Caco-2 and HT29-MTX cells treated for 24 h with OA, DTX-1 and -2. The NF-κB fluorescence (green) was mainly present in the cytoplasm of untreated cells, while a translocation from the cytoplasm to the nucleus was observed following treatment with OA ( Figure 3A) . The three toxins induced a dose-dependent response in both cell lines ( Figure 3B ). In Caco-2 cells, the three toxins induced similar increases in NF-κB translocation, while in HT29-MTX cells, DTX-2 induced a weaker response when compared to OA and DTX-1. In contrast to the Ki-67 response, a larger number of positive cells were observed in HT29-MTX cells when compared to Caco-2 cells for the same toxin concentration. In HT29-MTX cells treated with the highest concentration, DTX-2 induced 25% positive cells, whereas 40% NF-κB-positive cells were observed at the same concentration of OA. DTX-1 induced a similar response (up to 35%) when compared to OA, although at lower concentrations. NF-κB activation can initiate both inflammatory and pro-survival signaling pathways in epithelial cell lines [43, 44] . Significant intestinal inflammation is a key early response following an acute exposure to DSP toxins in vivo [45] , and NF-κB has been shown to be involved in gut inflammation. Therefore, the rapid translocation of NF-κB at low toxin concentrations could provide a molecular explanation for the intestinal inflammatory response in vivo. Increases in interleukin-8 secretion in Caco-2 and HT29-MTX cells following treatment with OA, DTX-1 and DTX-2 (Ferron, unpublished data) provide supporting evidence for the involvement of inflammation in OA group toxicity.
DNA Damage
The phosphorylation of histone H2AX (γH2AX) is a marker of DNA double-strand breaks (DSBs). Following the induction of DNA damage (single breaks or DNA-adducts), DSBs formed due to the blockage of replication forks, resulting in H2AX phosphorylation, which permits a relaxing of the chromatin structure necessary to facilitate the recruitment of DNA repair enzymes. The fluorescence of γH2AX (in red) was detected in the nucleus of cells exposed to 150 nM OA ( Figure 4A) . Following a 24-h treatment, the three toxins induced dose-dependent increases in γH2AX fluorescence intensity in both cell lines ( Figure 4B ). Four-fold increases were observed for 150 nM OA and 30 nM DTX-1, and to a lesser extent (three-fold) with 150 nM DTX-2. Likewise, a similar dose response was observed in HT29-MTX cells, although the response of the three toxins was slightly lower than that of Caco-2 cells and did not exceed 2.5-fold compared to control cells. Although the ability of OA to induce damage to DNA is well known [20, 21] , a precise mechanism of action has not been identified. Previous studies have demonstrated that DNA damage induced by OA can occur through various mechanisms [46] , including both aneugenic [47] and clastogenic effects [48] . However, since H2AX phosphorylation can also be a consequence of apoptosis [49] , we have also examined whether the increase in γH2AX following treatment with toxins was correlated with apoptosis. 
Apoptosis Induction
Apoptosis is a complex process of programmed cell death mediated primarily through the activation of several caspase proteases [32] . Figure 5A illustrates the activation of caspase-3 in cells treated with 150 nM OA. Although no effect was observed at the lowest concentration, the three toxins induced apoptosis in a concentration-dependent manner in both cell lines ( Figure 5B ). In Caco-2 cells, OA induced a slightly greater effect than DTX-2 (four-and three-fold at 150 nM OA and DTX-2, respectively). DTX-1 induced a weaker increase (2.5-fold) than OA and DTX-2, although this effect was observed at a considerably lower concentration of toxin (30 nM). Interestingly, greater responses were observed in Caco-2 cells when compared to HT29-MTX cells. In HT29-MTX cells, OA induced the highest apoptotic response, followed by DTX-1 and DTX-2. The apoptotic potential of OA has been reported in many cell types [50, 51] . OA has been reported to induce apoptosis through various pathways, including ROS/MAPK signaling [50] , activation of double-stranded RNA-dependent protein kinase (PKR) [52] or activation of the Fas death receptor [53] . In this study, we show that, similar to OA, DTX-1 and DTX-2 also induce apoptosis in Caco-2 and HT29-MTX cells through a similar mechanism involving the activation of caspase 3. high content analysis (B) . The percentage of positive cells for active caspase-3 and γH2AX was determined using a threshold based on control conditions. Data are expressed as stacked bars representing unlabeled cells (white), active caspase-3-positive cells (green), γH2AX-positive (red) and positive for both active caspase-3 and γH2AX (orange). n = 3.
γH2AX Related to Apoptosis
In order to discriminate whether the toxins induce DSBs as a result of clastogenicity or due to the induction of an apoptosis cascade [32, 48, 54] , the percentage of γH2AX and caspase-3 co-labeled cells was quantified after a 24-h treatment with OA, DTX-1 and DTX-2 ( Figure 6 ). We found that apoptosis appears to be the main cellular effect induced by the three toxins in Caco-2 and HT29-MTX cells. Secondly, although a large percentage of active caspase-3 cells was observed, we found that only a small proportion of cells were only γH2AX positive in response to OA and DTXs. Indeed, the majority of cells were co-labeled with the apoptotic caspase-3 marker, and the two markers appeared simultaneously after 24 h of treatment. Therefore, our results suggest that DSBs induced by DSP toxins are generated though an apoptotic response and not due to a genotoxic effect. Figure 7 . Kinetics of the detection of Ki-67, NF-κB, γH2AX and active caspase-3 in Caco-2 and HT29-MTX cells exposed to OA, DTX-1 and -2. Caco-2 and HT29-MTX cells were exposed to a single dose of OA (150 nM), DTX-1 (30 nM) and DTX-2 (150 nM) for different times. Each marker was analyzed in a separate experiment. Data are expressed as bars (solid for Caco-2 and striped for HT29-MTX) corresponding to a statistical significance of p < 0.05 (ANOVA analysis). Ki-67 production and NF-κB translocation were quantified as a percentage of positive cells compared to control conditions, while γH2AX and activation of caspase 3 were quantified as a fold change compared to control cells (n = 3).
Temporal Sequence in Cytotoxicity Responses
Time course studies were conducted in order to determine whether the toxins could be distinguished by the kinetics of induction of cellular events. In these experiments, cells were treated with the highest With the exception of the Ki-67 response to DTX-1 and-2, all markers responded in a similar manner with respect to time in both Caco-2 and HT29-MTX cells. Although Ki-67 was induced very early (at 4 h) with DTX-1 in HT29-MTX cells, NF-κB translocation was the earliest detectable marker irrespective of the toxin, occurring as early as eight h following treatment with OA and 16 h following DTX-1 and -2 treatment. Finally, significant increases in γH2AX and active caspase-3 were observed only after a 24-h exposure to the three toxins. Results indicate that NF-κB translocation, known to be an early marker of the pro-inflammatory response, is the first effect detected after toxin treatment. Following this, the toxins induced a disturbance of the cell cycle leading to the activation of caspase-3 and the induction of DSBs.
The inhibition of PP2A (and to a lesser extent, PP1) is generally thought to represent the principal mechanism of OA toxicity. Indeed, PP2A is essential for a large number of protein kinase signaling pathways [55] and has been shown to be involved in the Ras/ERK pathway [56] , as well as the p53/p21 response to DNA damage [57] , both of which are involved in cancer promotion [58] . Moreover, inflammation, provoking chronic lesions and diseases, such as cancer, can also be a key effector in OA toxicity considering the involvement of the endogenous TNF alpha pathway in OA tumor promotion [11] .
Based on our study, cytotoxic effects were observed at considerably lower concentrations for DTX-1 when compared to OA and DTX-2. Nevertheless, we have demonstrated that DTX-1 and DTX-2 induce the same markers of toxicity as their analogue OA, suggesting similar acute effects for the whole family. In order to determine if the mechanisms of toxicity of OA, DTX-1 and DTX-2 can be distinguished by unique pathways, a non-targeted transcriptomic approach could be performed.
Experimental Section
Cell Cultures
Caco-2 cells (American Type Culture Collection HTB-37, LGC Standards, Molsheim, France) were cultured in MEM medium containing 10% fetal calf serum (FCS), 1% non-essential amino acids, 50 U/mL penicillin and 50 μg/mL streptomycin. HT29-MTX cells (gift from Tecla Lesuffleur, INSERM U843, Paris, France) were cultured in DMEM medium containing 10% FCS, 50 U/mL penicillin and 50 μg/mL streptomycin. Media, serum, amino acids solution and antibiotics were all from Invitrogen (Saint Aubin, France).
For assays, Caco-2 and HT29-MTX cells were seeded at a density of 50,000 cells/cm 2 and 90,000 cells/cm 2 , respectively, in Nunc 96-well thin bottom microplates (Thermo Scientific, Waltham, MA, USA) 24 h prior to incubation with the toxins.
Toxins
Okadaic acid, DTX-1 and DTX-2 dissolved in methanol (MeOH) were purchased from IMB/NRCC (Halifax, Nova Scotia, Canada). For assays, toxins were prepared in culture medium without FCS.
Neutral Red Uptake Assay
Neutral red powder (N4638) was purchased from Sigma Aldrich (Saint-Louis, MO, USA). Neutral red solution 0.1% was prepared in PBS and stored at 4 °C. Following treatment with toxins, cells were rinsed in PBS. Neutral red solution (100 μL) was added to each well and incubated 2 h at 37 °C. Cells were then rinsed in PBS, and 100 μL of solubilization solution (1% acetic acid in 50% ethanol) were added to each well. Absorbance was read at 540 nm, and viability was calculated as the percentage of mean absorbance (n = 3) to the vehicle control condition (5% MeOH).
Immunofluorescence
Based on NRU results, a range of 3 doses was selected for each toxin in order to study the acute effects between inhibitory concentration (IC) 20 and IC 75 . The same range was used for OA and DTX-2 (50, 100 and 150 nM), whereas DTX-1 was tested at a lower range (10, 20 and 30 nM), due to its higher toxicity in both cell lines. For kinetics experiments, the effects were studied only with the highest dose after different time exposure (0, 4, 8, 16 and 24 h). After incubation with the toxins, cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) and permeabilized with 0.2% Triton X-100. Plates were then incubated in blocking solution (PBS with 1% BSA and 0.05% Tween-20) for 30 min before the addition of primary antibodies. All antibodies were prepared in blocking solution and filtered at 0.2 μm. The mouse monoclonal anti-γH2AX ser140 antibody (MA1-2022) was purchased from Thermo Scientific. The other primary and secondary antibodies were purchased from Abcam (Cambridge, UK): rabbit monoclonal anti active caspase-3 antibody (ab13847), rabbit monoclonal anti Ki-67 antibody (ab15580), rabbit monoclonal anti NF-κB antibody (ab16502), goat anti-Rabbit IgG DyLight ® 488 (ab96891) and goat anti-Mouse IgG H&L DyLight ® 550 (ab96876).
Primary antibodies (1/1000) were incubated 1 h at room temperature. After washing with PBS + 0.05% Tween 20, secondary antibodies (1/1000) were incubated for 45 min at room temperature. Nuclear DAPI (1 μg/mL) staining was used for automated cell identification by high content analysis.
High Content Analysis
Plates were scanned with the Thermo Scientific ArrayScan VTI HCS Reader (Thermo Scientific, Waltham, MA, USA) and analyzed using the Target Activation module of the BioApplication software (Thermo Scientific, Waltham, MA, USA). For each well, 10 fields (10× magnification, white bar = 100 μm) were scanned and analyzed for quantification of immunofluorescence. Cell viability was determined by cell counting from DAPI staining and expressed as a percentage of cells compared to vehicle control condition. Nuclear DAPI staining was used to analyze cell cycle phases using the module Cell Cycle Analysis of the BioApplication software (Thermo Scientific, Waltham, MA, USA). Caspase-3 activation was quantified in the whole cell and expressed as a fold increase compared to untreated cells. γH2AX was quantified in cell nuclei and expressed as a fold increase compared to control cells. Nuclear Ki-67 intensity was quantified using a nuclear mask, while NF-κB translocation was calculated using a ratio of cytoplasm and nuclear fluorescence. Cells were defined as Ki-67-positive when fluorescence exceeded a threshold of 2 standard deviations when compared to the mean fluorescence observed in the control. Cells positive for NF-κB translocation were defined when the ratio of nuclear to cytoplasmic intensity exceeded a threshold of 2 standard deviations with respect to control conditions. Co-labeling experiments were also analyzed using a 2 standard deviations threshold to identify the different populations of responding cells.
Statistics
All experiments were repeated at least 3 times. Data were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett's post hoc tests using Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). All error bars denote SEM. Statistical significance was depicted as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.
Conclusions
Our study provides in vitro results concerning the acute toxicity of DTX-1 and -2 in intestinal cells relative to OA. This study demonstrates that high content analysis on proliferating human intestinal cells provides a fast and reliable tool for studying and comparing the in vitro toxicity of OA and its analogues, DTX-1 and -2. Although no qualitative differences in the acute toxic events caused by OA and its analogues were observed, we found that DTX-1 was five-times more toxic than OA and DTX-2. Further investigation is therefore required to determine why DTX-1 induces toxicity at much lower concentrations when compared to OA and DTX-2. Several mechanisms, including the bioavailability and metabolism of the toxins, could play an important role and should be investigated in greater detail. Globally, the responses of Caco-2 and HT29-MTX cells to OA and analogues are similar, although different pathways may be involved.
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